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ABSTRACT  
EFFECTS OF TERRAIN ON RECONSTRUCTIONS OF MOBILITY IN 
PAST POPULATIONS 
 
 FEBRUARY 2017 
ERIN M. WHITTEY 
B.A., UNIVERSITY OF MASSACHUSETTS AMHERST  
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Brigitte M. Holt 
 
Femoral and tibial diaphyseal geometry has frequently been used to 
evaluate mobility and other patterns of physical activity in past populations. The 
high antero-posterior (A-P) to medio-lateral (M-L) bending rigidity ratio (IX/IY) 
typical of many hunter-gatherer femora, for instance, may reflect mechanical 
loads associated with long distance travel. The possible confounding effect of 
physical terrain on lower limb diaphyseal morphology is rarely evaluated. This 
study investigated the possible effect of terrain on lower limb shape ratios (IX/IY) 
and bending and torsional strength (ZP) in adult skeletons from Europe, North 
America, Africa, and Asia, covering a time span from around 30,000 BP to the 
present. Midshaft femoral and tibial cross-sectional geometric properties for 3515 
individuals were gathered from databases kindly provided by researchers. 
Geographic coordinates were found for each archaeological site. Local terrain for 
each site was quantified with ArcGIS 10 mapping software using USGS elevation 
data, and characterized as flat, hilly, or mountainous. Analysis of variance shows 
significant differences (p <0.05) in shape ratio (Ix/Iy) and strength (ZP) of both 
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femoral and tibial midshaft among the three terrain categories, with more A-P 
oriented diaphyseal shapes and greater strength in hilly and mountainous groups, 
even after correcting for the effect of subsistence on these cross-sectional 
properties. These results suggest that terrain needs to be taken into account in 
analyses of lower limb diaphyseal structure and mobility. Latitude and coastal 
proximity were also investigated as possible biogeographic factors in the 
morphology of lower limb diaphyses.  
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CHAPTER 1 
INTRODUCTION 
 
 While behaviors in past populations cannot be directly observed, biomechanical 
analyses can be employed to reconstruct physical activity patterns. Biomechanical 
analyses reveal the biological adaptations made to varying cultural and environmental 
conditions. Bone morphology reflects both long-term evolutionary trends in a human 
population and the biomechanical loading regime produced by the physical activities of 
individuals within those populations. One aspect of physical activity, mobility, informs 
our understanding of variation in past populations; how they made use of the landscape, 
what resources they exploited, and the extents of social networks and cultural exchange 
with neighboring populations. Mobility can refer both to residential mobility, where an 
entire group moves from one base to another, and logistical mobility, which consists of 
excursions from a residential base. The patterns of residential and logistical mobility 
employed and the total size of the area occupied by a group is affected by environmental 
and geographic boundaries and by ecosystem productivity (Binford 2001). 
Terrain has been suggested as a possible confounding factor in biomechanical 
reconstructions of mobility patterns (Ruff and Larsen 1990, Ruff 1999, Carlson et al 
2007). A few studies have specifically examined mountainous terrain as a possible factor 
shaping diaphyseal morphology (Ruff 2000, Ruff and Larsen 1990, Sparacello et al 
2008), but these have compared only a small number of populations. Large-scale 
comparisons across many populations, time periods, and subsistence patterns have not 
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been undertaken. A larger and more diverse dataset captures more of the variation in 
factors contributing to diaphyseal morphology, including subsistence strategy, body 
shape and size, and mobility levels, and may discover whether previously established 
patterns of variation with terrain are globally applicable or idiosyncratic to the 
populations that were studied. The primary goal of this study is to characterize the effects 
of terrain on the cross-sectional properties used to assess mobility in past populations, 
and to determine when terrain should be taken into account in comparisons of 
geographically distinct populations.  
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CHAPTER 2 
BACKGROUND 
 
Beam Model Analysis  
Long bone diaphyses can be modeled as engineering beams. The cross-sectional 
properties of such a beam represent its resistance to various kinds of loading (Ruff 2000). 
Bone tissue adapts to habitual mechanical loading by depositing material in areas of 
greatest strain, and resorbing material in excess of what is needed to resist typical strains; 
therefore, a bone’s resistance to various forms of loading reflects the bone’s typical 
mechanical loading regime in life (Pearson and Lieberman 2004; Ruff et al 2006). Cross-
sectional properties commonly employed in biomechanical analyses include cortical area 
(CA), second moments of area (I and J), shape ratio (IX/IY), and section modulus (Z).  
The cortical area of a cross section of bone is proportional to the compressive and 
tensile strength along the central axis of the diaphysis. The second moment of area (I) of 
a diaphyseal cross-section reflects the distribution of cortical bone in reference to a 
specific axis, and is a measure of bending rigidity in the plane perpendicular to that axis. 
The polar second moment of area (J) is the sum of two perpendicular second moments of 
area, and is a measure of torsional rigidity (Ruff 2008). Cortical area and second 
moments of area are influenced by both body weight and physical activity level. The ratio 
of IX/IY is a measure of the circularity of a bone, and indicates whether habitual 
mechanical loads were more A-P or M-L oriented (Ruff and Larsen 1990). The 
directionality of strain indicated by shape ratio is related to the kinds of activities that 
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produced mechanical loading; increased mobility is often associated with more A-P 
oriented loading. Polar section modulus (ZP) is a measure of torsional strength and is 
proportional to the average bending strength of the bone in all directions, and is 
indicative of overall physical activity level. ZP of human long bones is typically estimated 
from J via the experimentally derived equation ZP = J 
0.73; technically, this is proportional 
rather than equal to ZP, but other studies of cross-sectional geometry report this value 
(Ruff 2008, Sparacello 2013). An overview of these cross-sectional properties is  
presented in Table 1.  
 
Table 1: Overview of cross-sectional properties used in beam model analysis of human 
long bones. Based on information from Ruff 2008. 
  
Cross 
sectional 
property 
Definition Description Size 
Standardization 
CA 
Cortical area of a 
cross section 
Compressive and tensile 
strength along long axis 
of a bone  
Body mass 
IX 
Second moment of 
area about the M-L 
axis 
Bending rigidity in the 
A-P plane 
Body mass and 
biomechanical 
length squared 
IY 
Second moment of 
area about the A-P 
axis 
Bending rigidity in the 
M-L plane 
Body mass and 
biomechanical 
length squared 
IX/IY 
Shape ratio of 
perpendicular second 
moments of inertia 
Circularity of bone cross-
section 
none 
J 
Polar second moment 
of area (moment of 
inertia) IX + IY 
Torsional rigidity / 
overall bending rigidity 
Body mass and 
biomechanical 
length squared 
ZP 
Polar section 
modulus 
(J 0.73) 
Torsional strength / 
overall bending strength 
Body mass and 
biomechanical 
length 
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Cross-sectional properties of the lower limb are sexually dimorphic in humans, 
particularly in hunter-gatherers (Ruff 1987, 2008). Walking, running, and climbing hills 
increase antero-posterior (A-P) loading on the femur and tibia. This tends to increase 
sexual dimorphism, especially in hunter-gatherer populations, where males engage in 
significantly more long-distance travel. (Binford 2001; Ruff 2008) Dimorphism in 
locomotor behavior is decreased in agricultural and industrialized populations. (Ruff 
1987, 2005) Some sexual differences are also attributable to dimorphism in body mass 
and body shape. Increased pelvic breadth in females produces greater medio-lateral (M-
L) loading on the femur, so females typically have more M-L buttressing, and thus a 
lower shape ratio IX/IY . Males and females should therefore be considered separately in 
beam model analyses with sufficient sample sizes. 
 
Reconstructing Mobility Patterns 
The cross-sectional geometric properties of long bone diaphyses are useful in 
reconstructions of activity patterns. Comparisons of cross-sectional geometry of long 
bones have been used to study differences in mobility in a variety of contexts. Many 
studies have examined how changes in mobility related to subsistence strategy are 
reflected by differences in diaphyseal morphology (Bridges 1989, Marchi 2008, Ogilvie 
and Hilton 2011, Ruff et al 1984, Ruff and Larsen 1990, Ruff et al 2015, Sparacello 
2013, Sparcello and Marchi 2008). Several such studies have established long-term 
trends towards weaker and more circular lower limb diaphyses from the Paleolithic 
through the modern era (Holt 2003; Holt et al 2012, Ruff 2005, Ruff et al 2015). 
Regional variation within subsistence strategies, particularly within hunter-gatherers, has 
also been found (Carlson et al 2007, Ruff 1998, Stock and Pfeiffer 2001); such 
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differences may be attributed to variation both in mobility and in the specific types of 
subsistence activities engaged in under the broad category of “hunter-gatherer”.  
 
Terrain and bone structure 
 Some studies have also suggested that terrain may impact lower limb diaphyseal 
structure. Ruff (1999) points to A-P bending rigidity from mid-femur to mid-tibia as 
associated with long-distance travel over rough terrain as a result of the biomechanical 
forces around the knee joint when walking up a slope; several of his studies have 
supported this interpretation (Ruff and Larsen 1990, Ruff 1999). Carlson et al (2007), 
however, state that the presumed relationship between mobility and A-P bending strength 
is based primarily on ground-reaction force studies on treadmills, and that changing 
direction and navigating rough terrain may involve more M-L forces. Inversion and 
eversion of the foot on uneven terrain may also increase M-L loading on the tibia 
(Sparacello 2013). If rough terrain has a more pronounced effect on A-P biomechanical 
forces than M-L forces, it is expected that the shape ratio IX/IY will increase in more 
rugged terrain. 
Bone strength (ZP) is expected to increase with terrain, particularly in more 
mobile populations, as increases in A-P and M-L loading will both increase ZP. Rugged 
terrain is more work to traverse, and even choosing easier paths avoiding the most 
difficult slopes could increases overall mechanical loading by increasing travel times and 
distances. Previous work (Ruff 2000) shows significantly greater values of the related 
cross-sectional property J in mountainous Amerindians (Great Basin and New Mexico) 
compared to Coastal (Georgia) or Plains (South Dakota) populations.  
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 Subsistence strategy is also a major factor affecting diaphyseal structure.  
Increased sedentism in humans over the past 2 million years has resulted in a steady trend 
toward weaker and more circular lower limb diaphyses (Holt et al 2012, Ruff 2005, Ruff 
et al 2015), and many studies have found such changes in cross-sectional properties 
within a geographic region after a transition in subsistence strategy (e.g. Bridges 1989, 
Sparacello 2013, Sparacello and Marchi 2008, Ruff et al 1990). Given hunter-gatherers’ 
high mobility levels, it is likely that terrain effects will be particularly pronounced in 
these populations, as the difficulty of navigating rugged terrain is expected to amplify the 
effect of increased mobility on biomechanical loading. Thus evaluation of the effect of 
terrain should account for subsistence as a contributing factor.   
 
Latitude effects 
Humans generally follow the biogeographic principles of Bergmann’s and Allen’s 
rules, becoming larger and stockier at high latitudes with colder climates (Holliday 1997, 
Pearson 2000, Ruff 1994, Shackelford 2007). Size standardization adjusts for allometry, 
but without body breadth estimates the increased M-L loading associated with a wider 
pelvis and larger bicondylar angle of the femur is not accounted for. In addition to the 
effect of body shape, living in colder climates may be more physically demanding. There 
is evidence of intensification of subsistence activities during Last Glacial Maximum in 
Europe, with Paleolithic hunter-gatherers becoming less mobile and relying more on 
high-effort, low-yield foods (Holt 2003). Evidence from additional Paleolithic hunter-
gatherers outside of Europe suggests that reduced mobility and intensification of 
subsistence activities was a global response to colder climate (Shackelford 2007).  
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Overall bone robusticity in the lower limb was maintained even though mobility was 
reduced, indicating physical activity level was still high.  
While latitude is an imperfect proxy for climate, especially given the climatic 
fluctuations over the past 2 million years, high latitudes should be associated with 
increased M-L bending rigidity in the femur and greater strength in the femur and tibia. 
This may be a confounding factor in comparisons of cross-sectional properties across a 
wide range of distances from the equator. 
This project tests the hypotheses that populations in rugged terrain should exhibit 
significantly less circular shape ratios and greater bone strength. These differences should 
be especially evident in populations with higher mobility levels. Males are expected to 
show more differences than females due to higher mobility levels in many populations.  
 
  
        
9 
 
  
  
CHAPTER 3 
MATERIALS 
 
Osteometric and cross-sectional data for the femur and tibia of 3515 individuals 
from Europe, North America, Africa, and Asia were generously provided by various 
researchers. The dataset covers a time span from the Upper Paleolithic through the 20th 
century, so various subsistence strategies and associated mobility patterns are 
represented. Approximately 59% of the individuals are male, and 41% female. Juveniles 
from all datasets were excluded from the analysis. These include any individual listed as 
“juvenile” or “adolescent” or with an estimated age less than 18. Also excluded were an 
obviously osteoporotic elderly female, and one individual not specified as juvenile but far 
too small to be a normal adult. Only one side of the body from each individual is included 
in the analysis. In cases where measurements from both the left and right sides were 
provided, either the side with more complete information was selected, or a coin was 
tossed to determine which to include. For frequency distributions by sex, continent, local 
terrain type, and subsistence strategy, see Table 2. 
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Table 2: Sample sizes for individuals included in the analyses 
Continent Male Female Total 
Europe 1488 1025 2513 
North America 346 267 613 
Africa 152 141 293 
Asia 47 49 96 
Terrain       
Flat 817 630 1447 
Hilly 625 502 1127 
Mountainous 591 350 941 
Subsistence       
Industrial 184 118 302 
Agricultural 1604 1168 2772 
Hunter-gatherer 245 196 441 
Total 2033 1482 3515 
 
Data for over 2000 European skeletons were obtained from various museum 
collections by Christopher Ruff, Brigitte Holt, Markku Niskanen, and Vladimir Sladek, 
as part of an ongoing study. Their dataset covers a time span from the Upper Paleolithic 
(40-11 kya calibrated) through the 20th century, and is distributed over a large geographic 
region including Great Britain, Scandinavia, NW continental Europe, the Iberian 
Peninsula, and Central and Eastern Europe (Ruff et al 2012, Ruff et al 2015). 
Additional European data from Liguria, Italy was provided by Damiano Marchi 
and Vitale Sparacello. Marchi’s data is from Neolithic pastoralists from ca. 6000-5500 
BP (Marchi 2008). Sparacello’s data is from the Iron Age Samnites dating between 800-
27 BC. The Samnites were agriculturalists who transitioned from a chiefdom to a state 
sociopolitical system over this time period (Sparacello 2015). 
 Jay Stock and Efthymia Nikita provided data from four primarily agriculturalist 
and pastoralist sites in the Sahara: Garama, Libya (900BC-500AD); Jebel Moya, Sudan 
(1st millenium BC); Badari, a predynastic Egyptian site (5000-4000 BC); and Kerma, 
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Sudan (2000-1550 BC). The Garamantean collection is from the Museum of Jarma in 
Libya, and the others from Duckworth Laboratory at the University of Cambridge, UK 
(Nikita et al 2011). Stock also contributed data from hunter-gatherer populations from the 
Andaman Islands (1858-1885 AD), and Later Stone Age South Africa (11,000-2000 BP) 
(Stock and Pfeiffer 2001). 
 Marsha Ogilvie provided data from Pueblo IV (700-500 BP) agriculturalists from 
Pottery Mound in New Mexico, and late Archaic (ca. 2300-1300 BP) foragers from the 
Lower Pecos in Texas (Ogilvie and Hilton 2011). 
 Laura Shackelford’s data include hunter-gathers and agriculturalists from 
Southeast Asia, Japan, the Middle East, northern Africa, and Point Hope, Alaska dating 
between 19,000 and 1,100 BP (Shackelford 2006, 2007).  
 Daniel Wescott provided data from the American Great Plains, primarily from 
Arikara sites along the Missouri River, and from the Refugio and Kaufman-Williams 
sites in Texas. These individuals date to between 775-1814 AD. The Arikara had high 
levels of mobility and employed a mix of hunter-gather and horticulturalist subsistence 
strategies (Wescott 2008). The individuals from the Texan sites were agriculturalists. 
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CHAPTER 4 
METHODS 
 
Terrain coding 
In order to codify terrain, geographic coordinates were needed. Geographic 
coordinates for archaeological sites come from a variety of sources. Some location data 
was provided by the researcher along with the cross-sectional data. In a majority of cases, 
GPS coordinates for the site or the town the site is named for are easily found on Google 
Maps. Some coordinates were found in the archaeological literature, but most papers do 
not include this information, especially those published before GPS became a ubiquitous 
tool. More often, descriptions and maps from academic papers were used to estimate a 
location on Google Maps. For example, Hurt (1950) describes Ufford Mounds as being 3 
miles south of Vermillion, South Dakota.  
If no estimate could be made from available descriptions to within a few 
kilometers, the site and all cross-sectional data from it were omitted from the analysis. 
The only exception to this was for 31 individuals from the Andaman Islands who did not 
have any more specific location information. The Andaman Islands are very narrow east 
to west, rarely exceeding 25 km in width (Stock and Pfeiffer 2001).  Since only terrain 
within a 10km radius is considered in this analysis, a representative location on Smith 
Island near the center of the archipelago was selected, such that most of the area within 
10km was dry land. Terrain values from other points similarly selected on North and 
South Andaman did not differ substantially from this location. 
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Terrain and site location data was processed and analyzed using ArcGIS software. 
Terrain data is based on Digital Elevation Models (DEMs) from the CGIAR Consortium 
for Spatial Information (Jarvis et al 2008) or, for latitudes above 60°N, the Global Land 
Survey Digital Elevation Model (USGS 2008). The CGIAR DEM is based on the Shuttle 
Radar Topography Mission launched by NASA in 2000, with data voids (which often 
occur in high-relief areas and deserts) filled in. The high-latitude data from GLSDEM is 
based on radar topography from satellites in polar orbit. These DEMs have a resolution of 
3 arc-seconds, or approximately 90 meters, which was the highest resolution global 
dataset publicly available when the project began.  
 The CGIAR DEM is downloadable in 5° by 5° tiles. All tiles covering at least part 
of an area within 10km of a site were joined together, using the Mosaic to New Raster 
tool in ArcMap, into a few large contiguous elevation maps; Europe, Africa and the 
Middle East, East Asia, and North America. Mosaicking the tiles together allows easier 
analysis of sites where the 10km radius area of interest spans multiple tiles. 
The Slope tool in ArcGIS's Spatial Analyst extension was used to calculate the 
slope of each 3 arc-second pixel in the DEM based on the difference in elevation with its 
neighbors. The average, maximum, and standard deviation of these slope values within a 
10km radius of each archaeological site's geographic coordinates were then calculated 
and added to the database using ArcGIS's Focal Statistics tool (Figure 1). A 10km radius 
was selected in order to include most of the territory that can be reached on foot during 
daily foraging trips; Binford (2001) estimated a daily foraging range of 8km as typical for 
hunter-gatherers. 
Terrain was coded as Flat (1), Hilly (2), or Mountainous (3) based on these 
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calculated slope values. Using natural breaks in either maximum or average values 
assigns most sites to the same categories, but maximum slope is better at distinguishing 
terrain with low hills from generally flat terrain with a gentle grade across the entire 
20km diameter. Maximum slope usually differentiates well between Hilly and 
Mountainous terrain as well, but average slope is also used as a criterion to classify a few 
additional sites as Mountainous where most of the terrain very rugged but which may 
lack any large cliffs. Flat terrain has a maximum slope ≤ 21°. Hilly terrain has a 
maximum slope > 21° and  ≤ 44° and an average slope < 8°. Mountainous terrain has a 
maximum slope > 44° or an average slope ≥ 8°.  
Many sites have a significant proportion of water falling within the 10 km radius 
used to define their terrain category. Water does not affect the calculation of maximum or 
average slope except to lower the sample size; areas covered by water have a null value 
in the Digital Elevation Model (DEM) and are discarded when calculating these statistics. 
 
 
Figure 1: Quantifying terrain ruggedness in ArcGIS. Example maps are of elevation (left) 
and slope (right) along the coast of southern France and northern Italy. Ten kilometer 
radius circles for a) Le Rastel b) Grotte des Enfants and c) Arene Candide are indicated. 
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Subsistence Coding 
The data set comprises populations that engage in varying subsistence strategies, 
characterized by different levels of mobility and patterns of physical activity. Because 
these differences have substantial effects on cross-sectional properties, the analyses took 
subsistence into account. Subsistence was coded as Industrialized (1), 
Agriculturalist/Pastoralist (2), or Hunter-gatherer (3). This coding was primarily based on 
subsistence categories or archaeological periods specified in the original data sets. The 
“Industrialized” category is limited to Europeans from after about 1600 CE.  
Agriculturalists include European, African, and Asian sites dating to the local Neolithic 
or later, and North American sites listed as “Pueblo IV” and “Village Horticulturalist”.  
The agriculturalist subsistence category encompasses dates between 5000 BCE and the 
early 19th century. Sites described as Paleolithic, Mesolithic, Eneolithic, North American 
Late Archaic, and a few more recent populations including some Great Plains sites and 
the Andaman Islands, were coded as hunter-gatherers. 
For Great Plains populations from Wescott, individuals labeled as “Hunter-
gatherer incipient horticulturalists” and “Village horticulturalist hunters” were classified 
as Hunter-gatherer and Agricultural, respectively. Many North American studies (Bridges 
1989, Ruff 2000, Ruff and Larsen 1990), have demonstrated a difference in measures of 
long bone robusticity between primarily hunter-gatherer and primarily horticulturalist 
peoples, so it is a reasonable place to draw this line. However, Wescott (2008) did not 
actually find many significant differences in femoral size and shape between these 
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subsistence strategies in the Northern Plains region. Wescott attributes this to similarly 
high levels of mobility between hunter-gatherers and horticulturalists in this region. 
Cross-sectional properties 
 Cross-sectional data was obtained by various researchers using several different 
techniques:  computed tomographic (CT) scanning, periosteal molding, and periosteal 
molding combined with multiple-plane radiography. CT scanning constructs an image of 
a bone’s periosteal and endosteal contours from a series of radiographic images taken 
from various angles in the transverse plane. Molding involves making a cast of the bone, 
and then tracing the inside of the cast to obtain the periosteal contour. The endosteal 
contour can then be reconstructed based on radiographic measurements of cortical 
thickness (Ruff 2000). Comparisons between periosteal casting and CT scanning or 
sectioning of bones show that the cross-sectional properties obtained by these different 
methods are highly correlated (O’Neill and Ruff 2004, Pearson 2000, Stock and Shaw 
2007). The cortical tissue farthest from the neutral axis contributes the most to the 
bending strength of an engineering beam, so accurate periosteal contours are the most 
important for determining biomechanical properties. Even extreme differences in cortical 
thickness produce only modest differences between actual cross-sectional properties and 
those estimated from periosteal contours (Sparacello and Pearson 2010). The values 
obtained by these various methods were therefore considered to be comparable. 
 Two commonly reported cross-sectional measures of rigidity (resistance to 
deformation) and strength (resistance to breaking) were investigated. IX/IY is the ratio of 
the second moments of area along the anterior-posterior and the medio-lateral axes of a 
bone. It expresses the relative bending rigidity in the A-P versus the M-L plane. ZP is the 
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polar section modulus, a measure of torsional strength and overall bending strength (Ruff 
2007). 
Body size is an important component of the mechanical forces that shape long 
bone morphology, so most cross-sectional measures should be size standardized to 
account for body mass and shape. ZP is standardized by body mass and biomechanical 
bone length (Ruff 2007). IX/IY is a unit-less shape ratio and thus does not require size 
standardization. Body masses for size standardization were derived from femoral head 
diameter, which was the most commonly used proxy for body mass across all datasets. 
The results of three different body mass regressions based on femoral head diameter 
(Ruff 1991, McHenry 1992, and Grine et al 1995) were averaged together as per 
Auerbach and Ruff (2004). Sex specific equations from Ruff were employed (see Table 
3). 
Table 3: Body mass equations 
Source Sex Bodymass Equation 
Ruff 1991 Male BM = (2.741 * FH – 54.9) * .90 
Female BM = (2.426 * FH – 35.1) * .90 
Combined BM = (2.160 * FH – 24.8) * .90 
McHenry 1992 Combined BM = 2.239 * FH – 39.9 
Grine et al 1995 Combined BM = 2.268 * FH – 36.5  
BM= body mass (kg), FH = superior/inferior femoral head diameter (mm) 
 
Many contributors reported biomechanical bone lengths, but some only included 
maximum lengths. To increase the number of individuals that could be size standardized, 
and thus included in the analyses of ZP, linear regressions were derived from individuals 
for whom both biomechanical length and maximum length were reported. The regression 
equations for the femur and tibia are: 
  Femoral biolength = Femoral max length * .941 – 1.045 (R2 = .973) 
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  Tibial biolength = Tibial max length * .933 + 3.499   (R2 = .953) 
 
Using these equations to estimate missing biomechanical lengths allowed the 
inclusion of an additional 590 femora and 167 tibiae. 
Ideally, size standardization would also account for body breadth (Auerbach and 
Ruff 2004) as wider hips are associated with increased mediolateral forces on the femur.  
However, the measurements of bi-iliac breadth needed for this kind of size 
standardization were not available for most of the data.  
 
Statistical Analysis 
 Statistical analysis was performed in IBM SPSS Statistics v. 22. Two-way 
ANOVAs of terrain category and sex, and one-way ANOVAs within each sex, were run 
for shape ratios (IX/IY) and bone strength (ZP). Because subsistence strategy can have a 
substantial effect on long-bone morphology due to differences in activity patterns, two-
way ANOVAs of subsistence strategy and sex, and one-way ANOVAs within each sex, 
were also performed. ANCOVAs were used to control for the possible confounding 
effects of subsistence strategy on the terrain analyses. Pooled-sex T-tests were used to 
determine differences in cross-sectional properties between coastal and inland 
individuals.  
 Latitude was employed as a rough proxy for climate, which is associated with 
changes in human body size and proportions following Bergman's and Allen's rules 
(Pearson 2000, Ruff 1991, Ruff 1994). Regression analyses were performed to 
investigate the relationship between latitude and cross-sectional properties.  
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CHAPTER 5 
 
RESULTS 
 
Effects of Terrain and Subsistence Strategy on Shape Ratio and Robusticity 
Two-way ANOVAs of femoral and tibial shape ratios by terrain and sex shows 
significant effects in both bones at p < 0.05. There is a significant interaction effect 
between sex and terrain in femoral shape ratio (p=.028), driven by the minimal difference 
between flat and hilly mean shape ratio in females. The interaction was not significant in 
tibial shape ratio (p=.261) Post-hoc tests indicate significant differences between each of 
the three terrain categories for both the femur and the tibia.  
Terrain has a strong effect on lower limb bone shape. One-way ANOVAs within 
sex showed significant differences in shape ratios for most comparisons. Significant 
differences were found in male femoral shape ratios between all terrain categories. 
Differences in male tibial shape ratio were significant between flat and mountainous and 
between hilly and mountainous terrains, though not between flat and hilly terrains. For 
females, there were significant differences in femoral shape ratio between flat and 
mountainous and between hilly and mountainous terrains, and in tibial shape ratios 
between flat and hilly and between flat and mountainous terrains. (Table 4, Figure 2a-b) 
 Two-way ANOVA of sex and terrain shows a significant effect for terrain on 
strength of both the femur (F=41.86, p<.001) and tibia (F=31.50, p<.001). Femoral polar 
section modulus (FZP) was significantly greater in mountainous terrain than in flat or 
hilly terrain in both sexes, though there was no difference between flat and hilly. Tibial 
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polar section modulus (TZP) is significantly different between each of the terrain 
categories for females and for pooled sexes. Males have greater TZP with more rugged 
terrain, with significant differences between the flat and hilly and flat and mountainous 
categories. (Table 4, Figure 2c-d)  
 
Table 4: Femoral and tibial cross-sectional properties by terrain category 
 Flat Hilly Mountainous Group Comparisons 
  n mean std n mean std n mean std F vs.H F vs M H vs.M 
F IX/IY 
1413 1.0483 .233 
106
7 
1.0784 .247 335 1.1399 .305 .007* <.001* <.001* 
Male 799 1.0742 .239 595 1.1258 .295 186 1.1908 .322 .001* <.001* .008* 
Female 614 1.0146 .220 472 1.0186 .217 149 1.0763 .269 1.000  .008* .019* 
T IX/IY 847 1.6870 .459 837 1.7817 .448 302 1.8634 .512 <.001* <.001* .025* 
Male 482 1.7318 .506 464 1.8074 .474 173 1.9298 .543 .060 <.001* .018* 
Female 365 1.6279 .381 373 1.7497 .411 129 1.7743 .453 <.001* .001* 1.000 
F ZP 1241 929 154 992 928 156 820 988 176 1.000 <.001* <.001* 
Male 710 
970 149 550 972 153 523 1004 165 1.000 <.001* .003* 
Female 531 
875 145 442 873 143 297 961 191 1.000 <.001* <.001* 
T ZP 793 840 178 774 873 178 635 920 172 <.001* 
<.001* <.001* 
Male 447 
902 179 431 940 147 410 965 167 .004* <.001* .111 
Female 346 
761 142 343 788 143 225 839 150 .042* <.001* <.001* 
F – femoral; T – tibial; IX/IY – shape ratio of anteroposterior vs. mediolateral moments of 
inertia; ZP – polar section modulus. Pooled sex group comparisons are Bonferroni post-
hoc of 2-way ANOVA for sex and terrain. Within-sex comparisons are post-hoc results 
from one-way ANOVA by terrain. *The mean difference is significant at the .05 level 
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Figure 2: Femoral and tibial cross-sectional properties by terrain category 
 
95% confidence intervals and means for a.) femoral shape ratio b.) tibial shape ratio  
c.) femoral ZP and d.) tibial ZP. red = male; blue = female 
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Subsistence strategy has a strong effect on femoral and tibial shape ratios. All 
post-hoc comparisons of femoral and tibial shape ratios between subsistence categories 
are significant at p<.05, with the single exception of femoral shape ratio between 
industrial and agricultural females. (Table 5, Figure 3a-b) 
 Substantial differences in femoral and tibial ZP by subsistence strategy were also 
found. All comparisons between subsistence categories were significant for pooled sexes 
and for males. Female hunter-gatherers had significantly stronger femora and tibiae than 
either agricultural or industrial females, but no differences were found between 
agricultural and industrial females. (Table 5, Figure 3c-d) 
 
 
Table 5: Femoral and tibial cross-sectional properties by subsistence category 
 Industrial Agricultural Hunter-Gatherer Group Comparisons 
 n mean std n mean std n mean std I vs. A I vs. HG A vs HG 
F Ix/Iy 290 0.98 0.22 2097 1.05 0.23 428 1.25 0.26 <.001* <.001* <.001* 
Male 181 1.00 0.22 1163 1.09 0.25 236 1.29 0.26 <.001* <.001* <.001* 
Female 109 0.95 0.22 934 0.99 0.20 192 1.21 0.25 .145  <.001* <.001* 
T Ix/Iy 265 1.44 0.36 1423 1.72 0.42 298 2.18 0.49 <.001* <.001* <.001* 
Male 157 1.47 0.39 797 1.75 0.44 165 2.32 0.49 <.001* <.001* <.001* 
Female 108 1.38 0.30 626 1.69 0.37 133 2.01 0.44 <.001* <.001* <.001* 
F Zp 282 913 131 2509 942 163 262 1008 178 .011* <.001* <.001* 
Male 176 931 126 1452 980 155 155 1041 176 <.001* <.001* <.001* 
Female 106 883 135 1057 889 160 107 959 171 1.000 .002* <.001* 
T Zp 250 818 149 1770 875 179 182 948 189 <.001* <.001* <.001* 
Male 149 855 148 1035 936 174 104 1029 175 <.001* <.001* <.001* 
Female 101 763 134 735 789 148 78 839 150 .269 .002* .012* 
F – femoral; T – tibial; IX/IY – shape ratio of anteroposterior vs. mediolateral moments of 
inertia; ZP – polar section modulus. Pooled sex group comparisons are Bonferroni post-
hoc of 2-way ANOVA for sex and terrain. Within-sex comparisons are post-hoc results 
from one-way ANOVA by terrain. *The mean difference is significant at the .05 level 
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Figure 3: Femoral and tibial cross-sectional properties by subsistence category 
 
95% confidence intervals and means for a.) femoral shape ratio b.) tibial shape ratio  
c.) femoral Zp d.) tibial Zp. Red = male; blue = female. 
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ANCOVA analysis - correcting for subsistence 
To help separate out the effect of subsistence strategy from that of terrain, and 
ANCOVA was performed holding subsistence constant. After controlling for subsistence 
strategy, terrain still has a significant effect of terrain on femoral shape ratio (F=12.39, 
p<0.001) and tibial shape ratio (F=8.98, p<0.001). Post-hoc comparisons show significant 
differences in shape between all terrain categories for the femur, and between flat and 
hilly and between flat and mountainous for the tibia (Table 6) 
 When only males are considered, significant differences in shape ratios are found 
in the femur between all terrain categories. Male tibiae exhibit significant differences 
between flat and mountainous and between hilly and mountainous terrains. In females, 
there are no significant differences in femoral shape between terrain categories, and tibial 
shape differs only between flat and hilly terrains. 
 When subsistence is held constant, terrain effects on robusticity are still 
significant for the femur (F=38.35, p<.001) and tibia (F=25.29, p<.001). While femoral 
strength did not differ between flat and hilly terrains, it was significantly greater in 
mountainous terrain for both sexes. Tibial strength increased significantly with more 
rugged terrain when sexes were pooled. In males, differences in tibial strength were 
significant between flat and hilly and between flat and mountainous, while in females 
differences were significant between flat and mountainous and between hilly and 
mountainous terrains. The only post-hoc comparison of ZP that was no longer significant 
after controlling for subsistence was in females in flat vs. hilly terrains. (Table 6) 
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Table 6: Estimated marginal means and between-group comparisons of cross-sectional 
properties between terrain categories holding subsistence constant 
 Flat Hilly Mountainous Group Comparisons b 
  n mean 
std 
err n mean 
std 
err n mean 
std 
err F vs.H F vs M H vs.M 
F Ix/Iy 1413 1.047 .006 1067 1.075 .007 335 1.114 .013 .010* <.001* .023* 
Male 799 1.080 .008 595 1.128 .010 186 1.174 .017 .005* <.001* .040*  
Female 614 1.013 .009 472 1.021 .011 149 1.055 .019 1.000 .116 .152 
T Ix/Iy 847 1.712 .015 837 1.760 .015 302 1.811 .024 .059 .002* .218 
Male 482 1.770 .019 464 1.786 .019 173 1.904 .032 1.000 .005* .010* 
Female 365 1.653 .022 373 1.734 .022 129 1.718 .037 .004* .126 1.000 
F Zp 1241 924 4.41 992 923 4.91 820 980 5.64 1.000 
<.001* <.001* 
Male 710 
972 5.78 550 972 6.55 532 1000 6.76 1.000 .003* .006* 
Female 531 
875 6.66 442 873 7.30 297 960 9.04 1.000 <.001* <.001* 
T Zp 793 835 5.74 774 863 5.77 635 896 6.76 .002* 
<.001* .001* 
Male 447 
908 7.63 431 939 7.69 410 958 7.95 .035* <.001* .155 
Female 346 
763 8.59 343 788 8.60 225 834 10.93 .058 <.001* <.001* 
F – femoral; T – tibial; IX/IY – shape ratio of anteroposterior vs. mediolateral moments of 
inertia; Zp – polar section modulus. Based on estimated marginal means. *The mean 
difference is significant at the .05 level. b Bonferroni adjustment for multiple 
comparisons.  
 
Latitude and Shape 
A weak negative correlation (R2 = 0.101, p<.001) was found between latitude and 
femoral shape ratio for the dataset as a whole (Table 7, Figure 4a). The correlation is 
most evident in the Agricultural subsistence category (R2 = 0.120, p = 0.000) (Figure 4c). 
The relationship is still significant but very weak in the hunter-gather sample (R2 = 0.014, 
p=0.036) (Figure 4d). While the correlation is not significant (p = .075) in the Industrial 
sample (Figure 4b), this category contains the fewest individuals (N = 290) and covers 
the smallest range of latitudes, since all samples are from Europe. A broader geographic 
sample of Industrial people could potentially demonstrate a similar pattern.  
The change in femoral shape ratio with latitude is driven by increases in 
mediolateral bending rigidity. IY is strongly correlated with latitude (R
2 = .650, p = .000) 
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but IX is not (R
2 = -.014, p = .444). 
Tibial shape ratios have a very weak negative correlation (R2 = 0.045, p = 0.000) 
with latitude. (Table 7, Figure 5) The correlation is also very weak but significant within 
the Agricultural subsistence category (R2 = 0.051, p = .000), but is not significant in the 
Industrial or Hunter-gather categories. 
 
Table 7: Correlations between Shape Ratio and Degrees Latitude from Equator 
 Femoral IX/IY Tibial IX/IY 
Subsistence N R2 p N R2  p 
   Industrial 290 .011 .075 265 .004 .296 
   Agricultural 2572 .120 <.001* 1769 .051 <.001* 
   Hunter-gatherer 407 .014 .036* 253 .002 .523 
All 2572 .101 <.001* 2287 .045 <.001* 
*The mean difference is significant at the .05 level. 
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Figure 4: Femoral shape ratio (IX/IY) by distance from the equator 
 
a.) All subsistence categories; b.) Industrial; c.) Agricultural; d.) Hunter-Gatherer.  
Terrain categories are indicated as: green = Flat, yellow = Hilly, orange = Mountainous. 
Distances from the equator (x-axis) are in degrees latitude. 
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Figure 5: Tibial shape ratio (IX/IY) by distance from the equator  
 
a.) All subsistence categories; b.) Industrial; c.) Agricultural; d.) Hunter-Gatherer.  
Terrain categories are indicated as: green = Flat, yellow = Hilly, orange = Mountainous. 
Distances from the equator (x-axis) are in degrees latitude. 
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Latitude and Robusticity 
Latitude has a negligible effect on femoral strength for the dataset as a whole (R2 
= .001, p = .040) and in the industrial (R2 = .002, p = .443) and agricultural (R2 = .011, p 
> .001) subsistence categories. However, there is a weak but significant effect of latitude 
in Hunter-Gatherers (R2 = 0.148, p > .001). (Table 8, Figure 6) 
Tibial strength is not strongly affected by latitude. There is no correlation in 
Industrial (R2 = .000, p = .936) or Hunter-gatherer (R2 = .000, p = .727) subsistence 
categories. While the results are technically significant in the Agricultural category and 
when subsistence categories are pooled, only a tiny proportion of variation in tibial 
strength is explained by latitude. (Table 8, Figure 7) 
 
Table 8: Correlations between Bone Strength (Zp) and Degrees Latitude from Equator 
 Femoral Zp Tibial Zp 
Subsistence N R2 p N R2  p 
   Industrial 284 .002 .443 253 .000 .936 
   Agricultural 2539 .011 >.001 1779 .024 >.001 
   Hunter-gatherer 279 .148 >.001 188 .000 .727 
All 3102 .001 .040 2220 .015 >.001 
*The mean difference is significant at the .05 level. 
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Figure 6: Femoral robusticity (Zp) by distance from the equator 
 
a.) All subsistence categories; b.) Industrial; c.) Agricultural; d.) Hunter-Gatherer.  
Terrain categories are indicated as: green = Flat, yellow = Hilly, orange = Mountainous. 
Distances from the equator (x-axis) are in degrees latitude. 
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Figure 7: Tibial robusticity (Zp) by distance from the equator 
 
a.) All subsistence categories; b.) Industrial; c.) Agricultural; d.) Hunter-Gatherer.  
Terrain categories are indicated as: green = Flat, yellow = Hilly, orange = Mountainous. 
Distances from the equator (x-axis) are in degrees latitude. 
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CHAPTER 6 
DISCUSSION 
 Terrain has a major effect on both shape and strength of the femur and tibia. 
Following biomechanical expectations, more rugged terrain was generally associated 
with increased overall bending strength and more antero-posterior (A-P) oriented cross-
sectional shapes. All post-hoc comparisons for these cross-section properties were 
significant between flat and mountainous terrains, and most were significant between 
hilly and mountainous terrain. Differences between flat and hilly terrain were less 
consistent. Tibial strength was the only cross-sectional property that increased from flat 
to hilly terrain in both sexes, though some sex-specific differences in shape ratios were 
found. Femoral strength does not change between flat and hilly terrain. 
  These results corroborate previous studies indicating that long-distance travel 
over rough terrain results in greater A-P bending rigidity from mid-femur to mid-tibia 
(Ruff 1999, Ruff and Larsen 1990). It has also been suggested (Carlson et al 2007) that 
rugged terrain may increase medio-lateral (M-L) forces due to stabilization on an uneven 
surface or abrupt changes in direction of travel necessitated by obstacles, but these shape 
ratio results suggest that the more important effect of terrain is on movement in the 
sagittal plane, resulting in increased A-P loading. Mountainous terrain may affect the 
biomechanical forces on the long bones of the leg simply by increasing the actual 
distance traveled for points the same distance apart as the crow flies. Rissetto (2012), for 
instance, found that for Upper Paleolithic Cantabrian hunter-gatherers, traveling a least-
cost path around extremely rugged terrain from an occupation site to a source of chert 
used for toolmaking could add as much as 20-30 km of distance compared to a straight 
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line path, sometimes doubling the actual distance travelled. Mountainous terrain may 
change the biomechanical forces acting on the lower limb both through the differences 
associated with climbing a slope and through increased effective travel distances. 
 This study also found subsistence strategy to have some effects on cross-sectional 
properties, corroborating previous studies (Bridges 1989, Ruff et al 1984, Ruff 2000) that 
demonstrated decreased robusticity of the lower limb and rounder cross-sectional shapes 
of the femur at the transition to agriculture. Industrial populations tend to be very 
sedentary, and thus have relatively gracile and circular lower limb bones (Holt et al 2012, 
Ruff 2000, Ruff et al 2015). Differences in femoral and tibial shape between subsistence 
categories were highly significant for both sexes. Femoral shape ratios for both sexes 
were significantly reduced going from hunter-gatherer to agricultural, and again from 
agricultural to industrial in males. Both sexes exhibited less A-P oriented tibiae with each 
transition in subsistence. 
 Differences in bone strength were also found among subsistence categories. 
Femoral and tibial strength decreased with each subsistence transition in males and when 
sexes are pooled. Female femoral and tibial bone strength decreased from hunter-gather 
to agricultural, but not with the transition to industrial. These results also corroborate 
previous findings (Holt et al 2012, Ruff 2000, Ruff et al 2015). The lack of change in 
female diaphyseal strength with the transition to industrial subsistence, while males 
continue to decline, is in line with previous reports of decreasing dimorphism with each 
subsistence transition (Ruff 2008). 
 The impact of terrain on femoral and tibial cross sectional properties remains 
strong even after controlling for subsistence. Interestingly, while most female shape ratio 
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differences were no longer significant, most male shape ratios were, probably reflecting 
gender differences in typical mobility patterns (Ruff 1987). Males may engage in more 
travel across the landscape than females even in more sedentary societies, and rugged 
terrain could amplify the effect of higher mobility on male bone morphology. Correcting 
for subsistence had very little effect on terrain differences in femoral and tibial bending 
strength, reinforcing the importance of terrain as a determinant of diaphyseal 
morphology.  
 Another possible confounder for terrain results is that of climate, which is 
associated with changes in human body size and proportions following Bergmann's and 
Allen's rules. Humans from colder climates have greater body size and breadth, 
decreasing the ratio of surface area to body mass in order to better retain body heat (Ruff 
1991, 1994). The increased pelvic breadth associated with colder climates also increases 
the M-L bending load on the femur. Latitude was employed as a proxy for climate to 
investigate possible effects on cross-sectional properties. Shape ratios of the femur and 
tibia were found to be weakly correlated with distance from the equator, driven by 
increases in mediolateral bending strength (IY) with higher latitudes, especially in the 
agricultural subsistence category. Femoral bending strength as measured by ZP was 
weakly correlated with latitude in hunter-gathers, but not in other subsistence categories. 
The correlation between higher latitudes and more M-L oriented diaphyseal shapes 
suggests that future work on terrain effects should correct for the effect of body breadth 
as well as body mass, particularly when examining properties that reflect the direction of 
habitual biomechanical loading. 
Ultimately, many factors must be taken into account when using cross-sectional 
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properties to infer mobility other physical activity patterns in past populations. This study 
supports the idea that terrain is one of those factors. More rugged terrain is associated 
with less circular lower limb diaphyses and increased bone rigidity, even after accounting 
for subsistence strategy. Major geographical features like coastlines may also be 
associated with changes in diaphyseal rigidity, whether through constraints on mobility or 
by introducing alternate subsistence activities with different biomechanical loading 
regimes. Future research using cross-sectional methods should account for differences in 
terrain when comparing populations. 
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